Spectral distortions in CMB by the bulk Comptonization due to Zeldovich
  pancakes by Bisnovatyi-Kogan, G. S.
ar
X
iv
:1
90
2.
01
11
3v
1 
 [a
str
o-
ph
.C
O]
  4
 Fe
b 2
01
9 Spectral distortions in CMB by the bulk
Comptonization due to Zeldovich pancakes
G.S. Bisnovatyi-Kogan ∗
Abstract
If the large scale structure of the Universe was created, even partially,
via Zeldovich pancakes, than the fluctuations of the CMB radiation should
be formed due to bulk comptonization of black body spectrum on the con-
tracting pancake. Approximate formulaes for the CMB energy spectrum
after bulk comptonization are obtained. The difference between comp-
tonized energy spectra of the CMB due to thermal and bulk comptonoza-
tion may be estimated by comparison of the plots for the spectra in these
two cases.
1 Introduction
Fluctuations of CMB are created mainly by primordial quantum perturbations,
growing due to inflation [15]. Also they may appear as a result of the interaction
of CMB with a hot plasma appearing during the epoch of the formation of a
large scale structure of the universe. Perturbations of CMB spectrum created
by this interaction had been investigated in [34], [35], [16], [1], and in the series
of papers [38] - [41]. The review of theory of interaction of free electrons with a
radiation is presented in [42].
A main process of interaction of hot plasma inside galaxy clusters with CMB
is a Compton scattering, including a Doppler effect. Observations from the
satellites WMAP and PLANCK had revealed an existence of CMB fluctuations
in the directions of rich galactic clusters [5], [13], [17]-[25], which had been
interpreted in the frame of physical processes, investigated in [34], [35], [38],
[39].
A study of interaction is based on the solution of the Kompaneets equation
[14], see also [34], which is an approximate form of the radiative transfer equation
with non-coherent scattering, when energy exchange ∆Eeγ between the electron
and the photon in one scattering is much less than the photon energy Eγ , and
kinetic energy (electron energy), kTe
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∆Eeγ
Eγ
=
4kTe − Eγ
mec2
≪ 1. (1)
At such conditions, characteristic for the Thompson-Compton scattering in a
non-relativistic plasma, the scattering term is reduced to the differential form
[14], [34]. The relative value of spectral distortions induced by such scattering, is
preserved during the universe expansion, because the perturbed and background
photons have the same dependence on time and on the red shift, when moving
without interactions.
In addition to the scattering on hot electrons, another type of distortion
of the photon spectrum takes place in the interaction of a photons with a bulk
motion of a matter. This types of distortion had been investigated in application
to the accretion of matter into neutron stars, stellar mass and AGN black holes,
which are observed as X-ray, optical, and ultraviolet sources [8], [9], [33], [26],
[27], [31], [3], [11], [4]. Among the objects, in which a bulk comptonizanion
may be important, we should include Zeldovich pancakes which may be formed
in the universe at first stages of a large-scale structure formation. [36], [37],
[28]. The equation, including both thermal and bulk motion components, have
been derived in [8], [26] in different approximations. In this work we calculate
distortions of the equilibrium Planck spectrum of CMB, induced by the bulk
comptonization on the objects, collapsing to Zeldovich pancakes. We use an
approximation of a uniform flat collapsing layer, which reproduces a motion of
a non-spherical large-scale perturbation, with a gravity of a dark matter (DM)
[7]. We suggest, that hydrogen baryonic matter, collapsing in the gravitational
field of DM, is sufficiently ionised, to be able to produce a bulk comptonization.
Observations of radio spectra in the region of the redshifted famous hydrogen
radio line with a wavelength λ = 21 cm, have lead to the detection of a flattened
absorption profile in the sky-averaged radio spectrum, which is centred at a
frequency of 78 megahertz, corresponding to the redshift z ≈ 17 [10]. The
appearance of this profile was attributed to an action of the radiation of first
stars [10, 12], which are responsible also for a secondary heating of the universe.
Spectral observations of a distant quasar J1342 + 0928 with z = 7.54 have
shown strong evidence of absorption of the spectrum of the quasar redwards of
the Lyman α emission line (the Gunn–Peterson damping wing), as would be
expected if a significant amount (more than 10 per cent) of the hydrogen in
the intergalactic medium surrounding this quasar is neutral [2]. The authors
derive such a significant fraction of neutral hydrogen, although the exact fraction
depends on the modelling. However, even in the most conservative analysis it
was found a fraction the neutral hydrogen of more than 0.33 (0.11) at 68 per
cent (95 per cent) probability, indicating that this redshift is well within the
reionization epoch of the Universe. So we suggest that formation the main
body of a large-scale structure in the model of Zeldovich pancakes happens
after the period of the secondary ionization [29], [30] in the universe.
We consider a contractive flat layer of plasma surrounded by the radiation
with equilibrium Planckian spectrum (CMB). When crossing the contractive
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layer the photons experience a Compton scattering on electrons, which veloc-
ities have a thermal (chaotic), and directed (bulk motion) components. For
sufficiently low-temperature plasma the bulk motion comptonization becomes
more important than the thermal one. In Section 2 we consider bulk motion
comptonization by the ”cold” contractive layer. We solve analytically the Kom-
paneets equation in a contractive layer, similar to the one for converging flow in
[8], [3], which is illuminated by an equilibrium radiation flux on its boundary.
In the Section 3 we compare the spectra of a thermal, and bulk motion comp-
tonization at parameters, when both distortions are quantitatively comparable,
but have different spectral shapes.
2 The bulk comptonization by the contractive
self-gravitating layer
2.1 Dynamics of the contractive self-gravitating layer
There are several physical input parameters in the problem of calculation of
resulting spectrum of radiation passing the flat contractive layer of plasma. We
consider one-dimensional problem, when all function depend only on one space
coordinate x. The temperature T and density ρ inside the layer are supposed
to be uniform, depending only on time t. For adiabatic contraction the thermal
state of the matter is characterized by a constant entropy S. For adiabatic
contraction of the layer of non-relativistic ideal fully ionized plasma the equation
of state, connecting pressure P with density is written as
P = ρRT = K(S)ρ5/3. (2)
The pressure P0 and the density ρ0 in the layer at the initial moment t0 are given,
determining the constant K, and the entropy S(K). For any time dependent
ρ(t) we obtain P (t, S) from (2), and for a known gas constant R we obtain a
time dependent temperature
T (t, S) =
P
ρR . (3)
We consider a self-gravitating layer with initial thickness x0, initial density ρ0,
and initial velocity distribution over the layer as
υ0(y) = −υ0 y
x0
, −x0
2
≤ y ≤ x0
2
,
−υ0
2
≤ υ0(y) ≤ υ0
2
, −υ0
(x0
2
)
= υ0
(
−x0
2
)
=
υ0
2
. (4)
Here υ0 is the initial velocity of decreasing of the layer thickness
dx
dt (0) = −υ0.
The surface density of the layer σ0 = ρ0x0 = ρ(t)x(t) = σ remains constant
during contraction. The time dependent parameters of the cold (S = K = 0)
3
Figure 1: The layer collapsing to its midplane; y is a variable across the layer,
x is a layer thickness.
uniform layer are obtained from solution of equations of motion and Poisson,
for the gravitational potential ϕg(y, t) and he gravitational force Fgy , and the
equation for a time dependence of the thickness of the layer x(t)
∂2ϕg
∂y2
= 4piGρ, Fgy = −∂ϕg
∂y
= −4piGρy, Fgy
(x
2
)
= −2piGρx = −2piGσ0. (5)
∂υy
∂t
= Fgy = −4piGρy, υy
(x
2
)
= −2piGρxt− v0
2
= −2piGσt− v0
2
. (6)
Solving these equations with boundary and initial conditions, mentioned above,
we obtain the solution, taking t0 = 0, as
υ(t, y) = (−υ0 − 4piGσ0t)y
x
,
dx
dt
= −2υy
(x
2
)
= −υ0 − 4piGσ0t,
x = x0 − υ0t− 2piGσ0t2 at − x
2
≤ y ≤ x
2
. (7)
The thickness of the layer becomes x = 0 at t = t1, with
t1 = − υ0
4piGσ0
+
√
υ2
0
(4piGσ0)2
+
x0
2piGσ0
. (8)
The bulk comptonization is more important at large contraction velocity.
We consider only last stages, when on the surface υ remains close to υ0. It
happens when υ2
0
≫ 8piGσ0x0. In this approximation we obtain the following
formulae describing the dynamics of the cold layer
t1 =
x0
υ0
, υ(y) = −υ0 y
x
, x = x0 − υ0t at − x
2
≤ y ≤ x
2
. (9)
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(C)
Figure 2: Velocity profile in the collapsing self-gravitating plasmic layer.
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2.2 Equations determining the spectrum distortion due to
bulk comptonization in the cold layer
We consider the problem of a bulk Comptonization of an incident radiation on
a moving medium in diffusion approximation using Eq.(31) of [3] (see also [8]).
The scatterer is a flat contracting layer of cold electrons (Te ≈ 0), see Fig.1.
The layer is consisting mainly of a non-collisional dark matter, where particles
of two oppositely moving flows penetrate through each other, imitating an elas-
tic bounce with respect to the behaviour of the gravitational potential. The
flows with baryon and electrons collide, forming a shock wave with decreasing
expanding velocities [28]. Therefore, the bulk comptonization is effective only
on the contracting stage of the pancake formation. Partial differential equation
satisfied for the photon occupation number function f(x, ε) is written as, (see
[3, 32])
∂f
∂t
+−→υ∇f = ∂
∂y
(
c
3neσT
∂f
∂y
)
+
1
3
(∇−→υ ) ν ∂f
∂ν
+ j(y, ν), (10)
where ν is a photon frequency, ne is the electron density, σT is the Thompson
cross-section, j(y, ν) is the emisivity. Let us consider the respond of the system
on the incoming stationary flux of monochromatic photons through both sides
of the layer’s boundary, described by the Green function of the problem fG.
Introduce following non-dimensional variables
y˜ = neσT y, τ =
∫ x/2
−x/2
neσT dy = neσTx,
ν˜ =
hν
kBTr
, β0 =
υ0
c
, (11)
where kB is the Boltzmann constant, Tr is the temperature of the incoming
radiation, c is velocity of light, τ is the constant optical depth of the contracting
layer. Assuming the baryonic mass of the forming pancake at redshift z ∼ 10
as 5 · 1014M⊙ ≈ 1048 g, concentrated mainly inside the central radius Rc ∼ 0.1
Mpc, we obtain its vertical optical depth as
τv =
MσT
mppiR2c
≈ 1.5 (12)
for fully ionized pancake plasma. This value of the optical depth is calculated
for vertically falling background photons. For the photons falling with an incli-
nation to pancake vertical the optical depth is larger. Therefore, qualitatively
the solution for opaque pancake may be used for estimation of the bulk Comp-
tonization effect at lower optical depths τv. We consider the case, when the
photon birth inside the layer is negligibly small j(y, ν) ≈ 0, and only scattering
of the photons coming from the outer space is important. While the contracting
velocity during the pancake formation is much smaller than the light velocity,
and the vertical optical depth is of the order of unity, we may consider a time
independent problem for a stationary contracting velocity distribution (4), at
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fixed υ0, x0. In the stationary one-dimensional case the equation (10) is written
in the form
1
3
∂2f
∂y˜2
+
β0y˜
τ
∂f
∂y˜
− β0
3τ
ν˜
∂f
∂ν˜
= 0, (13)
2.3 Approximate solution
To solve the partial differential equation (13) approximately, we consider condi-
tions, when perturbations of the CMB spectrum, produced by bulk comptoniza-
tion are small, may represent the solution, similar to [38], in the form
f = Cf (f0 + f1), f1 ≪ f0, Cf is constant, (14)
where f0 is a spatially uniform planck distribution
f0(ν˜) =
1
eν˜ − 1 (15)
Using these relations in (13), we obtain
1
3
∂2f1
∂y˜2
+
β0y˜
τ
∂f1
∂y˜
− β0
3τ
ν˜
∂f0
∂ν˜
= 0, (16)
The reduce the partial differential equation (13) to the ordinary equation, we
approximate the space dependence of f1 by profiling function
f1(ν˜, y˜) = f˜1(ν˜)
4y˜2 − τ2
τ2
(17)
This function is symmetric relative to the plane y˜, and equal to zero on both
boundaries of the layer, in accordance with boundary conditions. We have than
∂f1
∂y˜
= f˜1
8y˜
τ2
,
∂2f1
∂y˜2
= f˜1
8
τ2
,
∂f0
∂ν˜
= − e
ν˜
(eν˜ − 1)2 . (18)
Substituting (18) into (16), we obtain
1
3
8
τ2
f˜1 +
β0
τ
8y˜2
τ2
f˜1 +
β0
3τ
ν˜eν˜
(eν˜ − 1)2 = 0. (19)
Averaging (19) over the layer by integration
∫ τ/2
−τ/2 dy˜, we obtain
1
3
8
τ
f˜1 +
2β0
3
f˜1 +
β0
3
ν˜eν˜
(eν˜ − 1)2 = 0. (20)
We obtain from (20)
f˜1 = −
1
8
β0τ
1 + β0τ
4
ν˜eν˜
(eν˜ − 1)2 . (21)
Averaging (19) by the same integration we obtain finally
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f1(ν˜) = −2
3
f˜1 =
1
12
β0τ
1 + β0τ
4
ν˜eν˜
(eν˜ − 1)2 . (22)
To find the resulting spectrum after bulk comptonization process we should take
into account, that in this process the number of photon is conserved, while for
the resulting function f0 + f1 the photon number density is larger than for the
background function f0. We should therefore consider the resulting function in
the form
f(ν˜) = Cf (f0(ν˜) + f1(ν˜)). (23)
The number of photons does not change during the comptonization, what is
represented by the relation∫ ∞
0
ν˜2f(ν˜)dν˜ =
∫ ∞
0
ν˜2f0(ν˜)dν˜. (24)
From (23)(24) we find the constant Cf , what uniquely define the photon distri-
bution function after bulk comptonization
Cf =
∫∞
0
ν˜2f0(ν˜)dν˜∫∞
0
ν˜2f0(ν˜)dν˜ +
∫∞
0
ν˜2f1(ν˜)dν˜
, (25)
f(ν˜) =
Cf
eν˜ − 1
[
1 +
1
12
β0τ
1 + β0τ
4
ν˜eν˜
eν˜ − 1
]
. (26)
The influence of the bulk comptonization on the energy spectrum of CMB pho-
tons may be estimated by comparison of the distorted energy spectrum fEb(ν˜)
with the planck spectrum fE0(ν˜), defined as
fEb(ν˜) =
Cf ν˜
3
eν˜ − 1
[
1 +
1
12
β0τ
1 + β0τ
4
ν˜eν˜
eν˜ − 1
]
, fE0(ν˜) =
ν˜3
eν˜ − 1 . (27)
3 Comparison with thermal comptonization ef-
fects
It was obtained in [38] that the relative distortion of the comptonized spectrum
of CMB due to interaction with hot electrons is determined by the expression
δTh = yν˜
eν˜
eν˜ − 1
[
ν˜
tanh(ν˜/2)
− 4
]
. (28)
Here the value y, for the flat universe with Ω = 1, is determined as [38]
y = ne0σT cH
−1
0
∫ zmax
0
kTe(z)
mec2
√
1 + z dz. (29)
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Equations (28),(29) are derived for the uniform expanding universe, with a
present hot electron density ne0, which had been heated at redshift zmax, and
have a temperature dependence Te(z). When applying this formula for the CMB
comptonization by hot gas in the galactic clusters, we may approximately take
the value of y in the form
y ≈ neσT l kTe
mec2
= τCL
kTe
mec2
, (30)
where ne, Te, l, τCL are the number density, temperature, size, and the optical
depth of hot electrons in the galactic cluster, respectively. As a result of thermal
comptonization, the photon distribution function is written as
fTh(ν˜) = f0(ν˜)(1 + δTh) =
1
eν˜ − 1
{
1 + yν˜
eν˜
eν˜ − 1
[
ν˜
tanh(ν˜/2)
− 4
]}
. (31)
The distorted energy spectrum is written as
fETh(ν˜) =
ν˜3
eν˜ − 1
{
1 + yν˜
eν˜
eν˜ − 1
[
ν˜
tanh(ν˜/2)
− 4
]}
. (32)
Similar distortions due to bulk comptonization are obtained from (15),
(23)-(26), for small distortions with Cf ≈ 1, β0τ ≪ 1, as
δBulk =
f1(ν˜)
f0(ν˜)
=
1
12
β0τ
1 + β0τ
4
ν˜eν˜
eν˜ − 1 . (33)
For the Raleigh-Jeans low frequency side of the spectrum hν < kTr we have
[38], using (28),(31),
δTh ≈ −2y = −τCL kTe
mec2
, [38] δBulk ≈ β0τ
12
, (34)
A thermal comptonization leads to shifting the whole CMB spectrum to
higher photon energy region, producing decrease of low-energy photons (see
Fig.3). In the case of bulk comptonization the observed photons cross the whole
collapsing layer. Half of the matter velocity is directed opposite to the photon
trajectory, increasing its frequency , and another half is moving in the same
direction with photons, which are loosing the energy. Actually, the resulting
spectrum is moving to the higher frequency also (see Fig.4), but the deviations
from the Planck are much smaller. The shift of the spectral maximum in both
cases are comparable, but maximum itself is slightly increasing for the bulk
comptonization, and is decreasing more for the thermal one.
The distortion in the high energy Wien part of the spectrum due to comp-
tonization is relatively large, and cannot be found correctly in the linear approx-
imation, but its input in the energy is negligibly small. For thermal comptoniza-
tion in the uniformly expanding universe it is found in [38]. The consideration of
this case for a bulk comptonization in a contracting layer is more complicated,
9
Figure 3: Spectral distortion due to comptonization on hot electrons at y=1/60,
according to [38] and (32) Plotted are Planck curve (red line), and comptonized
curve (green line)
and will not be considered here. It seems, that for analysis of observations it
is enough to know, that in both cases the high energy part of the spectrum
is increasing. It is, probably, not possible to distinguish between two type of
comptonization, by observations of high energy part because of substantial in-
definiteness of our knowledge about the distribution of parameters of the hot
gas in galactic clusters. The observations in the vicinity of maximum of the
CMB spectrum could more distinctly indicate the mechanism of comptoniza-
tion because of different sign of the spectrum distortion in this region.
For qualitative comparison. energy spectrum distortions by comptonization
are presented in Fig.3 for bulk comptonization at β0τ = 1.2, Cf = 0.7744, from
(27), and for a thermal comptonization in Fig.4, for y = 1/60.
4 Conclusions
If the large scale structure of the Universe was created, even partially, via Zel-
dovich pancakes, than the fluctuations of the CMB radiation should be formed
due to bulk comptonization of black body spectrum on the contracting pan-
cake. Observations indicate [2], that the secondary ionization was started at
early stages, at z ∼ 20, so that contracting pancakes should have a high enough
ionization level for the comptonization onset. It is not possible now to pre-
dict certainly the amplitude of these fluctuations, because of uncertainty in the
10
Figure 4: Spectral distortion due to bulk comptonization on the contracting
layer at β0τ = 1.2, according to (27). Plotted are Planck curve (red line), and
comptonized curve (green line)
epoch of formation, and masses of the pancakes. Nevertheless, measuring a
spectrum of CMB fluctuations could permit to distinguish between thermal and
bulk comptonization. In the first the deficit of low energy photons is accompa-
nied by increase of high energy ones, because in the comptonization process the
total number of photons is conserved, and decrease of the spectral maximum.
In the bulk comptonization on the contracting pancake the excess is obtained
also at higher energy side photons, with slight increasing of the maximum, while
decrease in the lower part is less. May be in the observed spectrum where both
types of comptonization are present: the bulk comptonization at the epoch of
pancake formation, and the thermal comptonization at present time on the hot
gas in the galaxy cluster.
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